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It is generally observed that the stress state induced through trafﬁc loads inside the substructure of pavements cannot be exactly
reproduced in laboratory element tests. Moreover, there are not sufﬁcient studies that examine the behavior of granular material under
unsaturated conditions, although such conditions are very prevalent in pavement structures. In this research, an attempt is made to
determine the cyclic plastic deformation characteristics of unsaturated granular base course material, and to examine the effect of the
rotation of the principal stress axis (experienced by pavement elements under trafﬁc loads) on the mechanical behavior of unsaturated
granular base course material by applying various loading methods. A series of laboratory element tests using a multi-ring shear
apparatus, which can take into account the rotation of the principal stress axis, were carried out on granular base course material under
different moisture contents. The experimental results show that the moisture content has an obvious effect on both the shear behavior
and the cyclic plastic deformation of granular base course material. However, the moisture content for the maximum deformation of
granular base course material varies according to the loading method. It is also explained that cyclic plastic deformation considerably
increases due to the rotation of the principal stress axis under repeated axial and shear loading tests. Therefore, the principal stress axis
rotation has a signiﬁcant inﬂuence on the cyclic plastic deformation of unsaturated granular base course material.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Pavements should transfer trafﬁc loads safely from the
top surface to the subgrade soil or bottom layer. There are
primarily two types of pavements, namely, ﬂexible and
rigid. Flexible pavement structures are typically composed12 The Japanese Geotechnical Society. Production and hostin
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nder responsibility of The Japanese Geotechnical Society.of a top layer of asphalt concrete, the base course layer
consisting of granular material below that, and the sub-
grade soil or the bottom layer. The main function of the
base course layer is to provide structural support to the top
layer of the pavement. After the construction of roads, it
has been observed that the pavement surface gradually
starts to deteriorate. Such deterioration of the pavement
causes the loss of its function as a transportation facility.
As a result, huge expenditures are incurred for mainte-
nance. One of the reasons for the deterioration of the
pavement is the inﬁltration of water into the base course
layer. Throughout the year, this inﬁltration and seasonal
variations in the groundwater level cause a ﬂuctuation in
the moisture content inside the base course layer.g by Elsevier B.V. All rights reserved.
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behavior is more prevalent in the base course layer.
Besides the signiﬁcance of understanding the behavior of
the unsaturated granular base course layer, an appropriate
loading method for laboratory element tests is also critical
for pavement design and analysis. It is noted in various
research works that the behavior of pavement structures
under trafﬁc loads differs from that in repeated axial
loading tests. The main difference is due to the rotation
of the principal stress axis. The importance of the effect of
the principal stress axis rotation, which is frequently
encountered under in situ conditions, on the deformation
behavior of coarse grained soil, has been pointed out by
Miura et al. (1986). The rotation of the principal stress
axis, experienced by an element of pavements subjected to
trafﬁc loads, is indicated in Fig. 1, which was redrawn
from Lekarp et al. (2000a) and is also explained by Powrie
et al. (2007). This phenomenon is produced under trafﬁc
loads, as vehicles approach and then pass a given location
along the pavement. The outcome of laboratory element
tests, in which principal stress axis rotation is applied,
represents more reliable deformation behavior of granular
material, and its importance to the performance of pave-
ments and railroad tracks has been mentioned by various
researchers (Chan and Brown, 1994; Brown, 1996; Gra¨be
and Clayton, 2009). Numerous studies have been carried
out to analyze the inﬂuence of principal stress axis
rotation; however, the effect of principal stress axis rota-
tion on the plastic deformation is not yet fully understood
(Lekarp et al., 2000b). In addition, laboratory element
tests, such as triaxial compression tests, generally employ
axial compression loading without principal stress axis
rotation. Consequently, the phenomenon of principal
stress axis rotation has not been reproduced concisely
through conventional testing methods.
Keeping the aforementioned in mind, Ishikawa et al.
(2007) developed a multi-ring shear apparatus for labora-
tory element tests. The multi-ring shear apparatus can take
into account the rotation of the principal stress axis, like
in situ conditions under moving-wheel loads, and is used to
evaluate the strength-deformation characteristics of gran-
ular base course material. Furthermore, the performance
of the multi-ring shear apparatus was evaluated by
comparing the test results with those of hollow cylinder
torsional shear tests. It was revealed that the results
obtained from the static shearing multi-ring shear testsPavementPavement 
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Fig. 1. Rotation of principal stress axis beneath ware approximately similar to the stress–strain relationship
and the internal friction angle of those obtained from
hollow cylinder torsional shear tests performed under
similar experimental conditions for various granular mate-
rials. In all the previous research works, the multi-ring
shear apparatus was employed to evaluate the mechanical
behavior of saturated and air-dried granular materials.
Accordingly, the mechanical behavior of saturated and air-
dried granular base course materials is quite well under-
stood and at an advanced level. However, the number of
studies that examines the mechanical response of granular
base course material under unsaturated conditions is not
sufﬁcient. In this research, an attempt is made to examine
the effect of principal stress axis rotation on the cyclic
plastic deformation behavior of unsaturated granular base
course material under different moisture contents with the
multi-ring shear apparatus. In this regard, the internal
friction angle and the rotation of the principal stress axis
are also evaluated.
2. Test material
2.1. Physical properties
C-40 (Crusher-run which has a maximum particle size of
40 mm) is used in Japanese roads as the base course
material; it is composed of angular, crushed, hard andesite
stone. The grading of C-40 means it has a grain size
distribution between 0 and 40 mm. In the multi-ring shear
apparatus, the width of the sample is 60 mm. In this
research, the maximum particle size selected was 9.5 mm,
because according to standard speciﬁcations for transpor-
tation materials and methods of sampling and testing by
AASHTO T 307-99 (2007), mold sizes used to fabricate
specimens of the minimum diameter, equal to ﬁve times the
maximum particle size, are selected. Therefore, in this
research, C-9.5 (Crusher-run which has a maximum par-
ticle size of 9.5 mm) material was selected for the multi-
ring shear tests, which is about one-fourth the mean
particle size of the original C-40. C-9.5 material is prepared
by screening out particles larger than 9.5 mm from the
C-40 material and washing the inside of a 0.075-mm sieve.
The process of washing the inside of the sieve was carried
out in order to remove the ﬁne particles, because ﬁne
particles can enter between the small gaps of the rings of
the multi-ring shear apparatus. After washing the sieve, theWheel load
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Fig. 2. Particle size distribution curves for test materials.
Table 1
Physical properties of test materials.
Name of
material
Coefﬁcient of
uniformity, Uc
Average diameter,
D50 (mm)
Speciﬁc
gravity, Gs
C-9.5 13.9 2.7 2.675
C-40 27.3 10.8 2.720
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A. Inam et al. / Soils and Foundations 52 (2012) 465–480 467C-9.5 material is dried in an oven for at least 24 h. Particle
size distribution curves for the C-9.5 and the C-40
materials are shown in Fig. 2. The physical properties of
C-9.5 and C-40 are described in Table 1.0 2 4 6 8 10 12 14 16 18
0.0
Moisture Content, w (%)
Fig. 4. Soil–water characteristic curves.2.2. Moisture–density relationship
The compaction curve for the C-9.5 material was
determined by the A-b method of the Japanese Industrial
Standard (Japanese Standards Association, 2009). In this
method, a mold diameter of 100 mm, a mold height of
127 mm and a drop height of 300 mm for the rammer are
used. The C-9.5 material is compacted in three equal layers
by applying 25 blows to each layer with a 2.5-kg rammer.
The moisture–density curve, with an optimum moisture
content of wopt¼9.5% and a maximum dry density of
rdmax¼1.775 g/cm3, is obtained as shown in Fig. 3.2.3. Soil–water characteristic curve
In accordance with the standards by the Japanese
Geotechnical Society (2009), water retentivity tests on the
C-9.5 material were carried out using a medium-size
triaxial apparatus to determine the soil–water character-
istic curve (SWCC) of the unsaturated soils. Moreover, the
outcome of the water retentivity tests can also be applied
to determine the internal friction angle of the unsaturated
specimen. The apparatus can control pore air pressure ua
and pore water pressure uw at the cap and the pedestal,separately. Pore water pressure is applied through a
hydrophilic versapore membrane ﬁlter, and pore air
pressure is applied through a hydrophobic polyﬂon ﬁlter
to the cylindrical specimen (300 mm in height and 150 mm
in diameter). The C-9.5 material was prepared in the
triaxial apparatus so that the dry density after consolida-
tion became 1.580 g/cm3, which was the same dry density
as that used before conducting the multi-ring shear tests in
this research. After setting the specimen in the triaxial cell,
de-aired water is permeated into the specimen until the
degree of saturation reaches 85% or more. After isotropic
consolidation (conﬁning pressure of sc¼249 kPa, ua¼200
kPa and uw¼200 kPa), the pore water pressure is gradually
decreased to obtain an unsaturated specimen, while main-
taining a conﬁning pressure of 249 kPa and a pore air
pressure of 200 kPa. After the completion of the drying
process, the wetting process is started to illustrate the
matric suction value at a certain moisture content. Fig. 4
shows the results of the water retentivity tests on the C-9.5
material. In the wetting process of SWCC, the suction
A. Inam et al. / Soils and Foundations 52 (2012) 465–480468value decreases in comparison to the suction value for the
drying curve at the same moisture content. As a result of
the decrease in suction value, Fig. 4 shows the hysteresis
between the wetting and the drying curves of SWCC. One
of the reasons for the hysteresis is that it takes a long time
to complete the drying process and, as a result, diffused air
appears under the versapore membrane during the wetting
process. Based on the above reason, the drying curve,
which is considered to be more accurate than the wetting
curve, has been selected for the calculation of the internal
friction angle in this research. In Fig. 4, the drying curve
shows that residual moisture content w is about 2.92%,
which is equivalent to 11.3% of the residual degree of
saturation Sr0.3. Testing method
3.1. Multi-ring shear apparatus
A schematic diagram of the multi-ring shear apparatus is
shown in Fig. 5. It mainly consists of a bottom plate, a
loading plate and rigid rings. The specimen is placed over
the bottom plate and is conﬁned by outer and inner rigid
rings. Each ring has a height of 20 mm. The inside
surface of the outer rings and the outside surface of
the inner rings were designed in such a way that the
friction between the specimen and the rings is reduced to the
extent where each ring can move freely during loading.Direct drive motor
(Axial loading)
Dial gauge
Load cell (Axial Stress)
Load Cell (Torque)
Torque transducer
Direct drive motor
(Torque loading)
Loading plate
Bottom Plate (Turntable)
Inner rings
Outer rings
Outer rings
Specimen
Specimen
Fig. 5. Schematic diagram of multi-ring shear apparatus.Torque loading is applied through the direct drive motor
placed below the bottom plate (turntable), while the
loading plate remains ﬁxed. Shear stress tay is measured
with a torque transducer installed under the bottom plate
and a load cell for the torque mounted on the loading
plate. Shear strain gay is calculated from the rotational
angle of the direct drive motor for the torque loading and
the vertical displacement by an external displacement
transducer (dial gage). Axial loading is also applied to
the specimen through the direct drive motor attached to
the loading plate. Axial stress sa is measured with a load
cell mounted on the loading plate, and axial strain ea is
measured by an external displacement transducer (dial
gage). The axial strain is also considered as the volumetric
strain ev of the specimen, as radial strain er and circumfer-
ential strain ey are zero in the multi-ring shear tests. The
size, load, stress and strain, used in the multi-ring shear
tests, are deﬁned in Fig. 6. The width of the specimen is
60 mm (120 mm inside diameter and 240 mm outside
diameter) and the height is 60 mm.3.2. Experimental conditions
A series of static and cyclic loading tests were performed
with the multi-ring shear apparatus. The moisture content
of the specimen was selected on the basis of the ﬁeld data
obtained from the Tomakomai ﬁeld measuring site near
Sapporo, Japan. The ﬁeld data show that the degree of
saturation Sr of the C-40 base course material lies in the
range of 20–50% throughout the year. It was also observed
that during the multi-ring shear tests, water can penetrate
to the lower part of the specimen at a higher degree of
saturation. This may result in the non-uniformity of the
specimen. Keeping the ﬁeld data in mind, and in order to
minimize the non-uniformity of the water, moistureFig. 6. Deﬁnitions for stress and deformation.
Fig. 8. Vertical and shear stress distributions.
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13% (Sr¼50.2%) were selected for the unsaturated speci-
mens. The prescribed moisture content is added to the
oven-dried C-9.5 material. An oven-dried sample was also
selected to compare the results with those of the unsatu-
rated specimen. Afterwards, the C-9.5 material is placed in
three equal layers over the bottom plate, conﬁned by outer
and inner rigid rings, and compacted uniformly to achieve
the desired dry density. In accordance with Japanese
highway standards, a maximum dry density of 95% is
commonly taken in ﬁeld conditions. However, due to the
limitation of the multi-ring shear apparatus, 95% of the
maximum dry density could not be achieved; therefore, a
dry density of 1.581–1.583 g/cm3 was selected for the
multi-ring shear tests, which is about 89% of the maximum
dry density (rdmax¼1.775 g/cm3).
The loading conditions for the multi-ring shear tests
were determined based on a stress analysis of a Japanese
paved road model by GAMES (General Analysis Multi
Layered Elastic Systems, Maina and Matsui, 2004). In this
regard, a Japanese paved road model under standard
design wheel loads is selected, as shown in Fig. 7. It was
redrawn from Ishikawa et al. (2008). The properties of the
pavement layers, which include elastic coefﬁcient E and
Poisson’s ratio n, the standard wheel load, the wheel
diameter and the distance between wheels, shown in
Fig. 7, are also indicated in the Pavement Design Manual226  mm
E = 6000 MPa
ν = 0.35
E = 200 MPa
ν = 0.35
E = 30 MPa
ν = 0.40
H = 120 mm
H = 500 mm
y
Asphalt mixture
Base course
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Fig. 7. Model for stress analysis. (a) Cross section and (b) longitudinal
section.
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Fig. 9. Cyclic loading pattern in multi-ring shear tests.for Japanese paved roads issued by the Japanese Road
Association (2006). The standard design wheel load of
49 kN was applied to ﬁnd the stress distribution under the
moving-wheel load at Point B in Fig. 7. Fig. 8 shows the
vertical stress sz and the shear stress tyz distributions
obtained from the stress analysis. On the basis of the stress
analysis under the moving-wheel load, the maximum
vertical stress at Point B was 114.2 kPa, while the shear
stress was 0 kPa at the same coordinates. The shear stress
reached the maximum value of 730 kPa at x¼160 mm,
y¼7200 mm and z¼120 mm as the vehicle approached
and passed Point B, as shown in Fig. 8.
The multi-ring shear apparatus simulates the ﬁeld load-
ing conditions by applying the axial load and the shear
load in a sinusoidal waveform, as shown in Fig. 9. Fig. 9
indicates the same maximum axial stress and shear stress
values as those obtained through the stress analysis under
the standard design wheel load of 49 kN. The sinusoidal
waveform, shown in Fig. 9, is reasonably similar to the
stress sequence produced through the moving-wheel
loads under actual ﬁeld conditions. A loading frequency
of 0.02 Hz for the cyclic loading tests was adopted due
to the limitation of the multi-ring shear apparatus. Another
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A. Inam et al. / Soils and Foundations 52 (2012) 465–480470reason for adopting the lower loading frequency was to
provide the appropriate time for the plastic deformation
response during cyclic loading in the multi-ring shear tests.
After preparing the sample, static and cyclic loading
tests were performed on the C-9.5 material to examine the
mechanical behavior of the base course material under
different moisture contents using the multi-ring shear
apparatus. In the case of the static tests, shear stress
tay was monotonically increased at the rate of a shear strain
of gay¼0.1%/min, while keeping axial stress sa constant.
In the cyclic loading tests, two loading modes were
implemented to evaluate the cyclic deformation character-
istics of the unsaturated specimen. One mode is the cyclic
axial loading mode, which is considered as repeated axial
loading without rotation of the principal stress axis. In this
method, only the axial load in the sinusoidal waveform is
cyclically applied to the specimen and maximum axial
stress samax is taken as 114.2 kPa. Hereafter, in this
research, the cyclic axial tests without principal stress axis
rotation will be referred to as repeated axial loading tests.
The other mode is the cyclic axial and shear loading mode,
in which the axial load and the shear load, both in the
sinusoidal waveform, are cyclically applied to the speci-
men. The shear load is cyclically applied for bidirectional
loading, similar to two-way trafﬁc on pavement, by
changing the phase angle of 1801 for every succeeding
loading cycle. The shear stress distribution, in the form of
the sinusoidal waveform for one-way trafﬁc and two-way
trafﬁc, is elaborated in Fig. 10. This test is considered as
repeated axial and shear loading, in which the rotation of
the principal stress axis occurs similarly to in situ trafﬁc
loading conditions. In repeated axial and shear loading
tests, two types of loading conditions were applied. For
one loading condition, the maximum axial stress of
samax¼114.2 kPa and the maximum shear stress of
taymax¼30 kPa were considered, as shown in Fig. 9. For
the other loading condition, the maximum axial stress of
114.2 kPa and the maximum shear stress of 15 kPa were
adopted to further analyze the behavior of the principal
stress axis rotation under different moisture contents. TheFig. 10. Shear stress distribution for one-way and two-way trafﬁc.axial stress and the shear stress relationships for the static
shearing tests and the repeated axial and shear loading
tests (taymax¼30 kPa) are shown in Fig. 11. The stress
paths between mean principal stress p¼ (s1þs2þs3)/3 and
deviatoric stress q¼ (s1s3) for cyclic loading under
different moisture contents are shown in Fig. 12. The
principal stress values of s1, s2 and s3 for the cyclic
loading tests were calculated through Eqs. (5), (6) and (7),
which are described in a latter section. Keeping in mind the
foregoing, the experimental conditions for the multi-ring
shear tests performed in this research are summarized in
Table 2.
4. Results and discussions
4.1. Influence of moisture content on shear behavior
The results of the static shearing tests are presented in
Figs. 13–19. They show the relationships among shear
strain gay, shear stress tay and axial strain ea under different
Table 2
Experimental conditions for multi-ring shear tests.
Static shearing tests
Moisture
content
Initial dry
density, rd0
Dry density
after
consolidation,
rdc
Constant axial
stress, sa
(%) (g/cm3) (g/cm3) (kPa)
Oven dried 1.560 1.581 114.2
5 1.560 1.581 114.2
9 1.560 1.581 114.2
13 1.560 1.581 114.2
Repeated axial loading tests
Moisture
content, w
Dry
density
before test,
rd0
Axial
stress,
samax
Loading
frequency,
Number of
loading
cycles, Nc
(%) (g/cm3) (kPa) (Hz)
Oven dried 1.583 114.2 0.02 400
5 1.582 114.2 0.02 400
9 1.583 114.2 0.02 400
13 1.582 114.2 0.02 400
Repeated axial and shear loading tests
Moisture
content, w
Dry
density
before test,
rd0
Axial
stress,
samax
Shear
stress,
taymax
Loading
frequency
Number of
loading
cycles, Nc
(%) (g/cm3) (kPa) (kPa) (Hz)
Oven dried 1.581 114.2 30 0.02 400
5 1.582 114.2 30 0.02 400
9 1.581 114.2 30 0.02 400
13 1.582 114.2 30 0.02 400
Oven dried 1.581 114.2 15 0.02 400
5 1.581 114.2 15 0.02 400
9 1.581 114.2 15 0.02 400
13 1.582 114.2 15 0.02 400
Fig. 13. ea–tay relationships in static shearing tests.
Fig. 14. gay–tay relationships in static shearing tests.
Fig. 15. tay–ea relationships during static shearing tests at same shear
strain.
A. Inam et al. / Soils and Foundations 52 (2012) 465–480 471moisture contents. Figs. 13 and 14 clearly show that an
increase in the shear stress on each curve causes an increase
in the axial strain and the shear strain on the same curve.
However, when comparing any two curves obtained from
the static shearing tests under different moisture contents,
the following trends can be seen as general shear behavior,
as shown in Figs. 15–17. Shear stress is inversely proportional to axial strain at
the same shear strain. Shear stress is directly proportional to shear strain at
the same axial strain. Shear strain is directly proportional to axial strain at the
same shear stress.On the basis of Fig. 8, the shear behavior of the granular
base course material was analyzed under an axial stress of
Fig. 16. tay–gay relationships during static shearing tests at same axial strain.
Fig. 17. gay–ea relationships during static shearing tests at same shear
stress.
Fig. 18. w–gay and w–ea relationships in static shearing tests.
Fig. 19. w–ea and w–tay relationships in static shearing tests.
A. Inam et al. / Soils and Foundations 52 (2012) 465–480472114.2 kPa and a shear stress of 30 kPa at different moisture
contents. In this regard, Fig. 18 shows the relationships
between moisture content–shear strain and moisturecontent–axial strain at the shear stress of 30 kPa. It is
further elaborated that the oven-dried sample has the
minimum shear strain and axial strain at the shear stress
of 30 kPa. The graph also shows that the sample with a 5%
moisture content has the maximum shear strain and axial
strain at the shear stress of 30 kPa. The decreasing
sequence of axial strain and shear strain, under the
constant shear stress of 30 kPa, is 5% moisture content,
9% moisture content, 13% moisture content and ﬁnally
oven-dried.
During static shearing tests, shear loading was applied
up to a shear strain of 3%. A shear strain of 3% was taken
due to the limitation of the torque transducer installed in
the multi-ring shear apparatus. On this basis, the shear
stress and the axial strain behavior were analyzed under
different moisture contents at the shear strain of 3%, as
shown in Fig. 19. It is seen that the oven-dried sample has
the minimum axial strain and the maximum shear stress at
the shear strain of 3%. On the other hand, the sample with
a 5% moisture content has the maximum axial strain and
the minimum shear stress at the shear strain of 3%. The
sequence for the increase in shear stress and the decrease in
axial strain at the shear strain of 3% under different
moisture contents is the same as that mentioned in the
above paragraph. The shear stress values at the shear
strain of 3%, for all the specimens mentioned in Fig. 19,
are applied to calculate the internal friction angle, as these
values are considered to be the ultimate shear stress in this
research.
A sieve analysis was carried out before and after each
static shearing test. Fig. 20 shows an example of the
particle size distribution curves before and after testing.
It was found that there is no breakage of the particles or
changes in the particle size distribution before or after
testing.4.2. Influence of moisture content on internal friction angle
In order to understand the dependency of the shear
behavior of the base course material on the moisture
Fig. 20. Particle size distribution curves before and after static
shearing tests.
Table 3
Calculation of internal friction angle.
No. Moisture
content,
w
Degree of
saturation,
Sr
w Shear stress
at shear
strain of 3%,
t
Matric
suction,
(uauw)
Effective
internal
friction
angle, f0
(%) (%) (kPa) (kPa) (deg.)
1 Oven
dried
0 0 45.2 0 21.6
2 5 19.3 0.1 30.1 3.8 14.7
3 9 34.8 0.3 35.9 1.7 17.4
4 13 50.2 0.4 38.1 0.4 18.4
Residual degree of saturation, Sr0¼11.30% (value obtained from SWCC
curve); Axial stress, sa¼114.2 kPa; Pore air pressure, ua¼0 kPa; Effective
cohesion, c0 ¼0 kPa.
A. Inam et al. / Soils and Foundations 52 (2012) 465–480 473content, the internal friction angle is calculated by apply-
ing the shear strength equations for unsaturated soils, as
mentioned in Eqs. (1)–(3).
s0 ¼ ðsauaÞþwðuauwÞ
ðBishop0s equation for unsaturated soilsÞ ð1Þ
w ¼ SrSr0
1Sr0
ðVanpalli and Fredlund; 1999; Lu and Likos; 2004Þ
ð2Þ
t ¼ c0 þs0tan f0 ðCoulomb0s equationÞ ð3Þ
where t: shear stress value at the shear strain of 3%, c0:
effective cohesion, s0: effective normal stress, sa: axial
stress, ua: pore air pressure, uw: pore water pressure,
(saua): net normal stress, f0: effective internal friction
angle, (uauw): matric suction, w: parameter related to
the degree of saturation of the soil, Sr: degree of saturation
at any matric suction and Sr0: residual degree of
saturation.
The difference between the pore air pressure and the
pore water pressure acting on the contractile skin is deﬁned
as the matric suction (Fredlund and Rahardjo, 1993). It is
further explained that the air–water interface in the
unsaturated soil is called the contractile skin, which
possesses a property called surface tension. As a result of
surface tension in the contractile skin, the capillary effect
appears in the unsaturated soil. It is found that due to this
capillary effect, the water pressure in the capillary height
is negative and the air pressure is atmospheric, which
constitutes matric suction (uauw). The second part of
Bishop’s equation for unsaturated soil (Eq. (1)) illustrates
suction stress w (uauw), which is mainly dependent on the
degree of saturation and the matric suction value. Bishop’s
equation for unsaturated soil (Eq. (1)) describes the effect
of suction stress on the effective normal stress. Due to the
increase in suction stress, the effective normal stressincreases and, as a result, the shear stress increases. Matric
suction values were obtained from the soil–water charac-
teristic curve in which a dry density of 1.580 g/cm3, after
consolidation, was maintained throughout the water reten-
tivity tests, as shown in Fig. 4. In the case of the static
shearing tests, the initial dry density was set at 1.581 g/cm3.
However, the dry density after the static shearing tests, at
the shear strain of 3%, slightly increases due to a small
increase in axial strain, as shown in Fig. 19. Based on the
small axial strain occurrence, and as a result of the slight
increase in dry density, the matric suction values obtained
from the soil–water characteristic curve shown in Fig. 4 are
considered appropriate for the multi-ring shear tests.
During the multi-ring shear tests on the unsaturated
C-9.5 material, the pore air pressure is thought to remain
at atmospheric pressure, while the pore water pressure
becomes negative, as shown in Fig. 4. Andrew et al. (2004)
explained that no true cohesion occurs in granular material
without cementation, as was also reported by other
researchers. Therefore, in this research, effective cohesion
c0 is assumed to be zero.
Based on the above discussion, effective internal friction
angle f0, under different moisture contents, is calculated as
shown in Table 3. In soil mechanics, the effective internal
friction angle is generally calculated at the peak shear
stress of the soil. In this research, however, the effective
internal friction angle is calculated at 3% of the shear
strain. The shear stress of the C-9.5 material, at the shear
strain of 3% (ultimate shear stress in this study), is quite a
bit less than the peak shear stress of the C-9.5 material.
Therefore, the values for the internal friction angles
mentioned in Table 3 are comparatively lower than the
values generally used for crusher-run materials at the peak
shear stress. The results show that four different effective
internal friction angles are derived from the same material
with different moisture contents. The effective internal
friction angle for the specimen with the moisture content
of 5% has the minimum value, while the angle for the
oven-dried specimen has the maximum value. One of the
reasons for the four different effective internal friction
σFig. 21. Permanent deformation during repeated axial loading tests.
Fig. 22. Permanent deformation during repeated axial and shear
loading tests.
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effective internal friction angle is not calculated at the peak
shear stress of the C-9.5 material. Secondly, the C-9.5
material with varied moisture states can have different
shear stress values under the shear strain of 3%, which is
far from the peak shear stress. The same behavior was
experienced by Ishikawa et al. (2008), namely, that at a
shear strain of 3%, saturated gravel and air-dried gravel
achieved different shear stress values. In order to under-
stand the shear behavior of the C-9.5 material, Bishop’s
equation for unsaturated soils is analyzed. In light of Eq. (3),
the shear strength of the C-9.5 material is mainly dependent
on four factors, namely, the effective cohesion, the net
normal stress, the matric suction and the effective internal
friction angle.
On the basis of previous researches, e.g., Andrew et al.
(2004), the effective cohesion is assumed to be zero. The
net normal stress is the same for all specimens of the C-9.5
material. The matric suction, after being multiplied by the
w parameter, has an insigniﬁcant inﬂuence on the shear
behavior of the C-9.5 material. This is because the
capillary effect in the C-9.5 material is not dominant
enough to cause suction stress to develop. Therefore, the
shear strength of the C-9.5 material is greatly dependent on
the internal friction angle. The only factor which can
inﬂuence the internal friction angle is the moisture content.
It is found that, with the addition of the moisture content
to the oven-dried sample, the shear strength of the samples
with moisture contents of 5, 9 and 13% are less when
compared with the oven-dried sample. When samples with
moisture contents of 5, 9 and 13% are compared, the
results show that the sample with the moisture content of
5% has the minimum shear strength. One of the reasons
for this behavior is the non-existence of apparent cohesion
at a lower degree of saturation; and therefore, the shear
strength of the sample with the moisture content of 5%
decreases. The other reason could be that the testing
samples are under exhausted and undrained conditions.
Therefore, before the tests, the sample with the moisture
content of 5% has more air voids and a lower moisture
content compared to the samples with moisture contents of
9 and 13%. Therefore, the sample with the moisture
content of 5% has a greater tendency for a decrease in
air void and, as a result, the shear strength decreases for
the sample with the moisture content of 5%. In light of the
above discussion, and according to Table 3, moisture
content inﬂuences the shear behavior and, as a result, the
effective internal friction angle varies under different
moisture contents. The inﬂuence of the moisture content
on the deformation behavior in multi-ring shear tests
under different loading methods will be explained in detail
in latter sections of this research.
4.3. Deformation behavior under cyclic loading
In the case of a pavement analysis, permanent axial
strain is an important factor in assessing the failure or thedeterioration of pavements. It is also noticed that rutting,
which is one of the critical distresses in pavements, may
occur due to permanent axial strain. Therefore, it is
valuable to analyze the cyclic plastic deformation behavior
with and without principal stress axis rotation under
different moisture contents. The outcome of cyclic loading
tests for unsaturated specimens are presented in Figs. 21
and 22 in the form of cumulative permanent axial strain ea
p
at different numbers of loading cycles Nc. Permanent axial
strain represents irrecoverable deformation. Figs. 21 and
22 show that, with an increasing number of loading cycles,
the permanent deformation increases considerably during
the initial stage of loading. Similar behavior is observed in
ﬁeld data on roads, namely, that the most signiﬁcant
permanent deformation occurs during the ﬁrst or second
year of service life (Khogali and Elhussein, 2004), the
granular material subsequently starts to stabilize and
permanent deformation curves become ﬂatter.
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The permanent axial deformation of the base course
material specimen may be inﬂuenced by several factors,
namely, physical characteristics such as the particle
size distribution, density achieved before the application
of loading, the magnitude and the type of loading and the
moisture content.
The particle size distribution of the C-9.5 material is
examined before and after each test, and there is no
breakage of particles or changes in the particle size
distribution regardless of the moisture content. The same
dry densities were taken for all the specimens before the
tests and the same magnitude of loading for each type was
applied, as mentioned in Table 2. Accordingly, when
comparing the cumulative permanent axial strain under
the same loading conditions, the moisture content is the
only variable which inﬂuences the mechanical response of
the C-9.5 material under cyclic loading with and without
principal stress axis rotation.
Fig. 23 shows the axial strain behavior of unsaturated
specimens under different types of loading methods. The
inﬂuence of the moisture content on the cumulative
permanent axial strain behavior for repeated axial loading
and repeated axial and shear loading tests is evaluated at
the 400th loading cycle. Fig. 23 shows that the oven-dried
sample in the repeated axial loading tests has a minimum
cumulative permanent axial strain epa min. This reveals that
the oven-dried sample has the slightest change in height,
and accordingly, the minimum rearrangement of particles
occurs. Subsequently, the increase in moisture content
causes an increase in cumulative permanent axial strain
until the moisture content reaches 9%; and therefore, the
settlement of the particles also increases. With further
increases in the moisture content, up to 13%, theFig. 23. Moisture content–axial strain relationships.cumulative permanent axial strain drops and the deforma-
tion of sample decreases.
In Fig. 23, when comparing the cumulative permanent
axial strain of the unsaturated samples under repeated
axial and shear loading tests (taymax¼30 kPa), it is found
that the oven-dried sample has the minimum cumulative
permanent axial strain, resulting in the smallest change in
the height of the specimen. Fig. 23 shows that with an
increase in moisture content, up to 6%, the cumulative
permanent axial strain increases signiﬁcantly and reaches
the maximum cumulative permanent axial strain epa max.
With further increases in the moisture content, up to 13%,
the cumulative permanent axial strain decreases gradually
and the settlement of the sample decreases.
In order to assess the inﬂuence of the moisture content
on the cumulative permanent axial strain, another repeated
axial and shear loading test (taymax¼15 kPa) was con-
ducted. Fig. 23 illustrates that the inﬂuence of the moisture
content on the cumulative permanent axial strain, due to
the repeated axial and shear loading tests (taymax¼15 kPa),
is similar to the above-discussed behavior. However, in the
repeated axial and shear loading tests (taymax¼15 kPa), the
maximum cumulative permanent axial strain occurred at
the moisture content of about 8%, which falls within the
other two cyclic loading test results previously mentioned.
As mentioned above, a similar trend was observed in the
static shearing tests. They show that the maximum axial
deformation occurs at the moisture content of 5%, which
is in proximity to the repeated axial and shear loading tests
(taymax¼30 kPa), as shown in Fig. 23.
The above discussion elucidates that, as a result of
adding moisture content to the oven-dried material in the
ascending order mentioned in Table 2, air voids decrease
for the testing specimen. In the process of the increase in
moisture content, and consequently, the decrease in air
voids of the testing specimen, the moisture content reaches
a certain point where the maximum cumulative permanent
axial strain occurs. After that point, the cumulative
permanent axial strain gradually decreases. However, in
Fig. 23, the peak of the each curve reaches a different
moisture content. This shows that the inﬂuence of the
moisture content, when obtaining the maximum cumula-
tive permanent axial strain, is greatly dependent on the
loading method.
Based on the above discussion, it is revealed that the
inﬂuence of the moisture content on the deformation
behavior is similar for all loading methods, but that the
differences lie in the magnitude of the deformation and
that the maximum cumulative permanent axial strain
occurs at different moisture contents and under various
loading methods. These differences will be further
explained in the following sections.
4.5. Calculation of rotational angle of principal stress axis
The rotational angle of principal stress axis o is
calculated to evaluate the general stress conditions of the
Fig. 24. Rotational angle of principal stress axis in repeated axial and
shear loading tests.
Fig. 25. taymax–omax relationships in repeated axial and shear loading
tests.
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tests under different moisture contents. The rotational
angle of the principal stress axis, major principal stress
s1, intermediate principal stress s2, minor principal stress
s3 and coefﬁcient of earth pressure at rest K0 can be
calculated with the following equations:
Rotational angle of principal stress axis,
o¼ sin1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s2s3
s1s3
r
ð4Þ
Major principal stress,
s1 ¼
saþK0sa
2
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðsaK0saÞ2þ4t2ay
q
2
ð5Þ
Intermediate principal stress,
s2 ¼ sr ¼ K0sa ð6Þ
Minor principal stress,
s3 ¼
saþK0sa
2

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðsaK0saÞ2þ4t2ay
q
2
ð7Þ
Coefﬁcient of earth pressure at rest,
K0 ¼ 1sin f0ðJaky0s formulaÞ ð8Þ
The principal stresses and the rotational angle of the
principal stress axis have been calculated by inserting the
values of the coefﬁcient of earth pressure K, the cyclic axial
stress values and the cyclic shear stress values for the
repeated axial and shear loading tests into Eqs. (4)–(7).
The rotational angle of the principal stress axis is mainly
dependent on the axial stress, the shear stress and the
coefﬁcient of earth pressure. As already described in this
research, a shear strain of 3%, obtained from the static
shearing tests, is considered when calculating the effective
internal friction angles. The effective internal friction angles
obtained from the static shearing multi-ring shear tests at a
shear strain of 3%, as mentioned in Table 3, are inserted
into Eq. (8) to determine the coefﬁcient of earth pressure.
Keeping in mind the ultimate shear stress of 3% of the shear
strain, to calculate the effective internal friction angle, the K
value for the C-9.5 material obtained from Ja´ky’s formula is
higher, in comparison to the K0 values generally considered
for coarse grained granular material. It is assumed that
Ja´ky’s formula is applicable to the C-9.5 material, because
there are few research works on the estimation method of
K0 for coarse granular material. During cyclic loading tests,
the coefﬁcient of earth pressure may change with the
number of loading cycles for each test. In this research,
lateral stress sr was not measured. For this reason, the
coefﬁcient of earth pressure is assumed to be constant
throughout the tests. In view of the above explanation,
the purpose of this calculation is to analyze the effect of the
cyclic shear stress and the coefﬁcient of earth pressure at
different saturation states on the rotational angle of the
principal stress axis under the same cyclic axial stress. The
other purpose is to evaluate the effect of the maximumshear stress under the repeated axial and shear loading tests
on the relationship between the maximum cumulative
permanent axial strain and the maximum rotational angle
of principal stress axis omax at different saturation states.
Fig. 24 shows that changes in the rotational angle of the
principal stress axis during a loading cycle of repeated
axial and shear loading tests (taymax¼30 kPa) and
(taymax¼15 kPa) under different saturation states. The
rotational angle of the principal stress axis increases
cyclically and reaches the highest value at a certain
combination of axial and shear stresses. In other words,
the maximum rotational angle of the principal stress axis is
mainly dependent on the loading conditions of the multi-
ring shear tests. The graph also elucidates that the max-
imum rotational angle of the principal stress axis for the
repeated axial and shear loading tests (taymax¼30 kPa) and
(taymax¼15 kPa) occurs after the same interval of time.
The sign for the rotational angle of the principal stress axis
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shear stress cyclically changes from positive to negative
and vice versa.
In Fig. 25, the relationship between shear stress ampli-
tude taymax and the maximum rotational angle of principal
stress axis omax at the coefﬁcient of earth pressure for
different saturation states is elaborated. It shows that the
higher the shear stress amplitude is, the larger the rota-
tional angle of principal stress axis becomes under a
constant coefﬁcient of earth pressure. Similarly, the higher
the coefﬁcient of earth pressure is, the larger the rotational
angle of the principal stress axis becomes under a constant
shear stress amplitude. The results explain that the varia-
tion in maximum rotational angles of the principal stress
axis, due to changes in the coefﬁcient of earth pressure
from 0.63 to 0.75 at the same shear stress amplitude, is
smaller compared to the variation in maximum rotational
angles of the principal stress axis due to changes in the
shear stress amplitude from 15 to 30 kPa under the same
coefﬁcient of earth pressure.
In this research, an attempt is also made to analyze the
effect of the maximum rotational angle of principal stress
axis omax on the maximum cumulative permanent axial
strain epa max obtained from each test under repeated axial
and shear loading tests. The same coefﬁcient of earth
pressure, as that assumed above, is taken for the analysis.
Fig. 26 shows that the maximum rotational angle of the
principal stress axis depends on the coefﬁcient of earth
pressure and the shear stress amplitude to inﬂuence the
maximum permanent axial strain values. It is observed that
the rotational angle of the principal stress axis increases
with increases in the coefﬁcient of earth pressure and the
shear stress amplitude and, as a result, the cumulative
permanent axial strain also increases under the same cyclic
axial stress. However, in Fig. 26, at the shear stress
amplitude of 15 kPa, the sample with the moisture content
of 9% has a lower coefﬁcient of earth pressure compared
to the sample with the moisture content of 5%, but theFig. 26. omax–ea
p
max relationships in repeated axial and shear loading tests.sample with the moisture content of 9%, has more
permanent axial strain and a smaller maximum rotational
angle of the principal stress axis. This contradiction is due
to the assumption of the coefﬁcient of earth pressure,
which does not reﬂect the actual state of the sample at the
maximum cumulative permanent axial strain. Therefore, it
is necessary to investigate the coefﬁcient of earth pressure
values during cyclic loading multi-ring shear tests in order
to conﬁrm the effect of the rotational angle of the principal
stress axis on the cyclic plastic deformation behavior.
Fig. 27 shows an example of the relationships between
the mean principal stress and the rotational angle of the
principal stress axis during cyclic loading tests for the oven
dried samples. During a loading cycle, the mean principal
stress under each loading method has the same value at the
same interval of time. However, the rotational angle of the
principal stress axis varies under each loading method
during a loading cycle at the same interval of time. One
point must be kept in mind, namely, that the loading cycle
of the axial stress is the same for all types of cyclic loading
tests employed in this research, but only the shear stress
amplitude changes in the cyclic loading tests. Therefore,
due to the shift from one type of cyclic loading test to the
other type of cyclic loading test, the major and the minor
principal stresses also vary due to changes in the shear
stress amplitude at the same coefﬁcient of earth pressure. It
is found that when the shear stress amplitude increases
from 15 to 30 kPa, increases in the major principal stresses
occur equally to the decrease in minor principal stresses
and that no deviation occurs in the intermediate principal
stresses during a loading cycle at the same coefﬁcient of
earth pressure. This reveals that the mean principal stresses
remain the same for all the loading methods under the
same coefﬁcient of earth pressure. However, deviations in
the major and the minor principal stresses, due to changes
in the shear stress amplitude, cause an alteration in the
rotational angle of the principal stress axis. It is also
indicated in Fig. 27 that when the shear stress amplitudeFig. 27. p–o relationships during a loading cycle of cyclic loading tests.
Fig. 28. Permanent deformation during cyclic loading. (a) w=5% and
(b) w=9%.
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also increases under the same mean principal stress.
Therefore, the difference in cumulative permanent axial
strain among the repeated axial loading tests, repeated
axial and shear loading tests (taymax¼15 kPa) and
(taymax¼30 kPa), under the same experimental conditions
as shown in Fig. 28, is mainly inﬂuenced by changes in the
rotational angle of the principal stress axis.Fig. 29. Relationship of moisture content at epa max and shear stress
amplitude at the 400th loading during cyclic loading.4.6. Influence of rotation of principal stress axis on cyclic
plastic deformation behavior
The inﬂuence of the principal stress axis rotation has
two main impacts on the deformation behavior of the
unsaturated C-9.5 material in the multi-ring shear tests.
One is the enhancement of the permanent axial strain of
each specimen under the repeated axial and shear loading
tests, as compared to the repeated axial loading tests
shown in Fig. 23. The other is the shift in moisture content
at the maximum cumulative permanent axial strain from
the repeated axial loading tests to the repeated axial and
shear loading tests.The impact of the enhanced permanent axial strain has
been discussed by many researchers. It has been found that
due to the application of the shear stress, the rotation of
the principal stress axis occurs, and thus, causes an
increase in the axial deformation. Ishikawa et al. (2011)
compared the cyclic plastic deformation results of
multi-ring shear tests under cyclic loading with or without
principal stress axis rotation to the results of small-scale
model tests. The results of the small-scale model tests
indicated similarity in the enhanced behavior of the cyclic
plastic deformation in repeated axial and shear loading
tests with multi-ring shear testing and examined the
validity of the multi-ring shear test results. Therefore, the
deformation due to the cyclic loading tests, in which
the rotation of the principal stress axis is taken into
account, is considered more reliable for pavement analyses,
as it is closer to the phenomenon under trafﬁc loads. In
this research, the cyclic plastic deformation behavior of
samples with moisture contents of 5 and 9% are compared
under each cyclic loading method in order to analyze the
effect of the principal stress axis rotation. These samples
are selected as the maximum cumulative permanent axial
strain occurs from moisture contents of 5 to 9% under
each loading method. In Fig. 28, the results show that the
slope of the curve for the repeated axial loading, from 200
to 400 loading cycles, is milder compared to the two other
loading methods. The steepest slope of the deformation
curve, from 200 to 400 loading cycles, is of the repeated
axial and shear loading (taymax¼30 kPa). It is also noted
that with an increase in the principal stress axis rotation,
the stability in the particles decreases; and thus, a steeper
slope is caused and the permanent axial strain increases.
Therefore, cyclic loading without principal stress axis
rotation shows that the slope of the curves becomes ﬂatter
and that there is more stabilization among the particles
and, as a result, the permanent axial strain decreases.
The other impact of the rotation of the principal stress
axis illustrates that the maximum cumulative permanent
axial strain at the 400th loading cycle, under the cyclic
A. Inam et al. / Soils and Foundations 52 (2012) 465–480 479loading method, occurs at a different moisture content,
as shown in Fig. 29. The deformation behavior, in the
repeated axial loading tests, shows that the maximum
cumulative permanent axial strain occurs at the moisture
content of 9%. In the case of the repeated axial and shear
loading tests (taymax¼15 kPa), the moisture content for the
maximum cumulative permanent axial strain decreases to
8%. Moreover, in the case of the repeated axial and shear
loading tests (taymax¼30 kPa), the moisture content for
the maximum cumulative permanent axial strain further
decreases to 6%. It elucidates that the principal stress axis
rotation increases as the shear stress amplitude increases
during cyclic loading and, as a result, the moisture content
associated with the maximum cumulative permanent axial
strain decreases. In other words, the higher the shear stress
amplitude is, the lower the moisture content value for the
maximum cumulative permanent axial strain occurs. How-
ever, to support the above argument, further investigation
should be carried out as future research in order to
physically interpret the aforementioned phenomenon of
changes in the moisture content associated with the max-
imum cumulative permanent axial strain under different
loading methods.
5. Conclusions
On the basis of the above experimental results and
discussions, the following conclusions can be obtained.1) A series of static shearing tests show that there is a clear
relationship among shear stress, axial strain and shear
strain for unsaturated samples and indicates that the
moisture content has an obvious inﬂuence on the shear
behavior of granular material. Increases in the shear
strain, due to the application of shear stress, causes the
axial strain in unsaturated granular material to increase.
This concept supports the enhanced cumulative perma-
nent axial strain resulting from cyclic loading with
principal stress axis rotation.2) When the internal friction angle increases and the coefﬁ-
cient of earth pressure decreases, shear strength increases
and axial strain decreases under constant shear strain.3) The particle size distribution curves of the sample,
before and after the multi-ring shear tests, infer that
there is no particle breakage. This means that the
moisture content does not inﬂuence the particle size
distribution.4) In cyclic loading tests, the rate of increase in permanent
axial strain decreases with increases in the number of
loading cycles, and the same phenomenon is observed
under ﬁeld conditions. Permanent axial strain develops
mainly due to the rearrangement of the particles during
cyclic loading, and the main reasons for the differences
in the rearrangement or the settlement of the granular
material are the moisture content and the loading
method.5) The inﬂuence of the moisture content under differentloading methods has some similarity, in that the
increase in the moisture content reaches a certain point
where maximum cumulative permanent axial strain
occurs and then it gradually decreases. However, with
different loading methods, the moisture content for
maximum axial strain varies.6) When comparing the results of the repeated axial
loading tests with those of the repeated axial and shear
loading tests (taymax¼30 kPa), the cumulative perma-
nent axial strain obtained from the former tests is much
smaller than that obtained from the latter tests. The
moisture content, at the maximum cumulative perma-
nent axial strain, shifts from 9% for the repeated axial
loading tests to 6% for the repeated axial and shear
loading tests (taymax¼30 kPa).Acknowledgments
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